A micro total bioassay system that mimics physiological processes was developed as a means of evaluating orally administered drugs. A new feature accounting for gastrointestinal digestion was added to the previous system, which consists of microintestine, microliver, and target components. The artificial micro-gastrointestinal tract employs synthetic digestive juices. The system could correctly assay the overall digestive properties of ingested anticancer agents, i.e., the stability during digestive processes, as well as intestinal absorption, hepatic metabolism, and bioactivity toward target cells.
Oral medicines show their effects only after gastrointestinal (GI) digestion, intestinal absorption, and hepatic metabolism. GI digestion by gastric acid and/or enzymatic degradation often deactivates oral drugs. Thus, the stability must be tested during drug development using artificial digestive juices. Bioassays using cultured cells are often used to evaluate intestinal absorption, hepatic metabolism, physiological activity, and so on. [1] [2] [3] [4] [5] In conventional bioassays, however, only one bioactivity can be examined. Moreover, these systems are unnaturally large, given the scale of the cells, and testing can take considerable time. The rate at which new candidate drugs are being discovered is very high. Therefore, evaluation methods featuring high throughput, low cost, and ease of use are required. One of the ways to fulfill this requirement is miniaturization. Methods have been established for culturing cells on a microchip under microflow conditions, 6, 7 and for performing bioassays in a microdevice. [8] [9] [10] [11] We previously described a total micro bioassay system to evaluate intestinal absorption, hepatic metabolism, and bioactivity against breast-cancer cells. 12 That system employed human intestinal model cell line Caco-2 as an intestine model, human hepatocellular carcinoma cells HepG2 as a liver model, and human breast carcinoma cells MCF-7 as a target tissue. In the current study, a new feature was added to the system to account for GI digestion. The system described below integrates four components: a microGI tract, a microintestine, a microliver, and target cells, into a single microchip. This preliminary micro total bioassay system was used to determine the effects of digestion, intestinal absorption, and hepatic metabolism on the bioactivity of two known anticancer prodrugs: cyclophosphamide (CPA) 13 and tegafur (TGF). 14 Detailed microchip fabrication procedures have been described previously. 11, 12 The depth of the horizontal microchannel was 200 μm, and the diameter of the vertical microchannel was 1.6 mm. The bottom membranes of BioCoat fibrillar collagen type I six-well plate 1.0-μm inserts (BD Biosciences, San Jose, CA) were cut to the appropriate size and used for cell culture support to create a microintestine with Caco-2 cells. All solutions were pumped with a microsyringe pump (KDS230; KD Scientific, Holliston, MA). The contents and injection flow rates of the solutions are summarized in Table 1 . Fluids identical to those used in disintegration tests 15 were used as artificial digestive juices.
The Caco-2 cells were cultured in the microchip on a collagen-coated membrane 3 days prior to the assay. The HepG2 cells were seeded on Cytodex-3 microcarriers (GE Healthcare, Buckinghamshire, UK) for 5 days, and packed in the microchip immediately before the assay. The MCF-7 cells were cultured on the fibronectin-coated glass surface of the microchannel overnight. All cells in the microchip were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% nonessential amino acid (NEAA) solution at 37 C in a humidified atmosphere of 5% CO2. As an indicator of cell viability, the resazurin-converting activity was determined using the CellTiter-Blue cell viability assay reagent (Promega, Madison, WI). 16 The micro total bioassay chip consists of two microchannels (Fig. 1) . The upper microchannel mimics the human GI tract, and the lower channel mimics a blood vessel. The sample solution was first mixed with the artificial gastric juice in the microstomach. This process reduced the solution pH to about 2, as measured with pH test papers (Toyo Roshi Kaisha, Tokyo, Japan). The resulting solution was neutralized, and then mixed with artificial intestinal juice in the microduodenum before flowing into the microintestine. If the sample was able to permeate the Caco-2 layer of the microintestine, then it moved into the lower channel. This implies that the sample would be absorbed into the human body. The absorbed sample was moved to the microliver, which contained Cytodex beads with HepG2 cells, where it was metabolized. Finally, the sample reached the target MCF-7 cells and exerted its bioactivity on the cells. After 2 days of culturing, the total bioactivity was evaluated by measuring the viability of the target breast cancer cells. To determine the properties of the sample compound, experiments were also performed without digestive processes, Caco-2 cells or HepG2 cells. When digestive processes were not manifest, the sample was not broken down. When the Caco-2 cells were absent, the sample freely passed through the membrane and entered the lower channel by diffusion. Without HepG2 cells, the sample was not metabolized. Figure 2 shows the results of the micro total bioassay using 5 mM CPA and 25 mM TGF. In control experiments without anticancer agents, the viability of MCF-7 cells increased by 17% after 2 days of culturing as a result of cell proliferation.
In test experiments, CPA was highly active in the presence of HepG2 cells, implying that it was activated by hepatic metabolism. Conversely, Caco-2 cells seemed to have little effect on the CPA activity, and the drug easily crossed the microintestine layer. CPA was stable during the digestive processes, which had little effect on the activity of the drug. The results for TGF, another anticancer agent, were strikingly different. In the absence of digestion processes, TGF exhibited similar qualities as those of CPA. TGF was highly active only after metabolism, and permeated easily through the Caco-2 cell layer. However, with the inclusion of digestion processes, the anticancer activity of TGF was lost in all cases, indicating that the drug was damaged or had been degraded. These results are consistent with the known properties of these drugs. 13, 17 Both CPA and TGF are typical prodrugs, showing strong activity only after hepatic metabolism. TGF is an alkaline drug that can be neutralized by gastric juices. Thus, the micro total bioassay system correctly evaluated the effects of gastric degradation, as well as the permeation and metabolism of these known substances.
The various aspects of the micro total bioassay system described herein were controlled with a single microsyringe pump, thus eliminating the human labor, and many of the sources of error inherent in pipetting. Moreover, this system required only 20% of the Caco-2 and MCF-7 cells, and 10% of the sample volume and reagents, required by conventional in-vitro assays. All processes in the micro total bioassay system were performed in parallel. Thus, the total assay time was reduced from the 3 days required for conventional in-vitro assays to 2 days.
In this research, the digestion process corresponded to pH changes in the GI tract. Other degradation factors (i.e., enzymatic digestions) were not accounted for. The addition of enzymes, such as pepsin 18 or pancreatin, 19 to the digestive juice may be useful in evaluations of peptide-based or other digestible drugs. Fig. 2 Viability changes in target MCF-7 cells treated with anticancer agents, as measured by the micro total bioassay system. The bioactivity was estimated from the ratio of the viability of MCF-7 cells incubated with the samples for 2 days to that before a treatment (n = 3). The samples assayed contained (A) 5 mM CPA and (B) 25 mM TGF.
